Cell-to-cell communication through small secreted peptides has emerged as an important signaling mechanism in plant growth and development. One important gene family, the CLAVATA/ ESR-related (CLE) gene family, encodes a large and diverse group of small signaling peptides found ubiquitously in plants (8, 24, 31) . The Arabidopsis genome alone encodes 32 known CLE genes, which share 14 similar amino acid CLE motifs. These motifs are processed into 12-or 13-amino-acid peptides that are secreted as ligands for receptor-like kinases (RLKs) that subsequently incite developmental changes within plant cells (13, 21) . The nature of the developmental changes enacted by these small peptides varies depending on their amino acid sequence and how they are processed, as well as the expression patterns of the CLE genes within the plant (22, 36, 44) . The best-studied CLE protein, CLAVATA3, modulates stem-cell proliferation in the shoot and root apical meristems (13, 21) , while other CLE proteins have been shown to activate developmental pathways in the plant vasculature (21, 24, 25) . Other CLE peptides have even been shown to function in both the apical meristems and the vasculature (44) . Although it has been established that CLE signaling influences plant growth and development, the exact roles that most CLE genes play in modulating these processes remain only partially understood.
In an intriguing example of co-evolution of plants and parasites, it has become evident over the last decade that cyst nematodes (Heterodera and Globodera spp.), which are important sedentary plant-parasitic roundworms, secrete CLE ligand mimics as effector proteins into their host plants (28, 30, 33, 40, 42, 43) . Interestingly, sedentary plant-parasitic nematodes developmentally reprogram plant cells to induce the formation of novel plant cell types that serve as feeding cells for the nematodes. In the case of cyst nematode parasitism, these feeding cells fuse and form a multinucleated syncytium (15) . Similar to endogenous CLE proteins, cyst nematode CLE effectors are processed into functional 12-and 13-amino-acid peptides after being secreted in planta and have been shown to enact plant developmental changes that facilitate parasitism. (28, 34, 41, 43) . Indeed, certain cyst nematode CLE effector genes can rescue Arabidopsis CLAVATA3 mutant phenotypes (28, 40, 41, 43) , suggesting that these effectors can mimic CLE-dependent signaling in planta.
All sedentary plant-parasitic nematodes deliver effectors into their host plant tissues. These proteins alter normal host development to induce the formation of highly specialized feeding cells (3, 18, 29) . The ability to engage in this type of sophisticated plantparasite interaction has evolved in several groups of nematodes, the most prominent of which are the root-knot nematodes (RKNs) (Meloidogyne spp.), a large assembly of taxa that contains the world's most notorious and damaging plant-parasitic nematodes. Similar to cyst nematodes, RKNs induce the formation of modified feeding cells (called giant cells) within the plant, although with etiology and structure distinct from that of the syncytia induced by cyst nematodes. Despite the analogous parasitic strategies of root-knot and cyst nematodes, only a few common effec-tors have been shown to be secreted by both groups (14, 17, 20) . Sequences that resemble plant ligands have recently been reported from RKNs. One such sequence (named 16D10) was shown to code for a protein with function in nematode-plant interactions; however, its mode of action is different from that of CLE peptides (19) . Still other such sequences have been identified but have not been functionally characterized or experimentally implicated in the plant-parasite interaction (6, 38) . Furthermore, these RKN sequences consist only of small coding sequences composed of a secretion signal peptide and a putative signaling peptide, whereas cyst nematodes produce larger and more complex CLE effectors that are processed and transported post-delivery into the plant cell.
Here, we report that the previously described Meloidogyne avirulence protein (MAP) family of proteins secreted from RKNs (7, 37) contains plant ligand-like motifs that have gone undetected. Furthermore, we have found that these motifs resemble the bioactive CLE peptides from both plants and cyst nematodes, and are embedded within larger and more complex sequences reminiscent of the variable domains (VDs) found in CLE effectors secreted by both Heterodera and Globodera spp. These findings suggest that RKNs may use ligand-mimicking effectors to tap into plant signaling pathways in a manner similar to cyst nematodes.
MATERIALS AND METHODS
In situ hybridizations. Specific forward and reverse primers were designed to amplify an amplicon of 150 to 300 bp from cDNA pools generated from mixed stages parasitic stages of Meloidogyne incognita. This amplicon was used as a template in a unidirectional polymerase chain reaction (PCR) to produce single-stranded sense and anti-sense digoxigenin (DIG)-labeled probes for each candidate effector transcript. Unidirectional PCRs were performed in 25 µl volumes using a DIG-nucleotide labeling kit (Roche, Mannheim, Germany). In situ hybridizations were performed on mixed parasitic stages of M. incognita, as previously described (11) . Established parasitic populations of nematodes were extracted from tomato roots (Lycopersicon esculentum 'Rutgers') by maceration of the infected tissue followed by progressive sieving, as previously described (12) . These parasitic stages were supplemented with freshly hatched preparasitic second-stage juveniles (J2s) of M. incognita. Mixedstage nematodes were fixed in a 2% formaldehyde solution. Fixed nematodes were permeabilized by hand cutting with a razorblade on a glass slide in combination with a partial proteinase-K digestion (20 mg/ml, 30 min at room temperature). DIG-labeled probes were hybridized to permeabilized tissue overnight at 50°C. Hybridized probes within the nematode were detected using an anti-DIG antibody conjugated to alkaline phosphatase and its substrate. Samples were then visualized using a Zeiss Axiovert 100 inverted light microscope.
Motif detection. The amino acid sequence of the 12 known MAP family members-Minc00365, Minc10365, Minc10366, Minc00158, Minc00344, and Minc04584 protein sequences annotated within the M. incognita genome (1) as well as CAQ63470.1, CAC27774.1, CAP59537.1, CAP59538.1, CAP59536.1, and CAP59535.1-were searched alongside CLE effector proteins from Heterodera spp. (AEA06591.1, AEA06592.1, ACT32610.1, and ACT32609.1) and Globodera spp. (ACY70449.1-ACY70456.1) using the MEME online software suite (5) . The search windows were incrementally adjusted to obtain the maximum regions of identity between cyst nematode CLE effectors and the MAPs. All nonredundant iterations of the identified motifs from both MAPs and CLE effectors were aligned using the ClustalW version 2.0 (27) online server for visual comparison of the degree of amino acid conservation. Sequence frequency logos were generated using WebLogo (9) for each motif using every identified occurrence to assess the frequency of each residue within each identified motif.
RESULTS
We are continuously mining M. incognita sequence data to confirm new effector identities. While scrutinizing a group of newly confirmed M. incognita effector candidates (unpublished data), we found that two proteins (designated Minc04584 and Minc00344 by the M. incognita genome sequencing consortium) (1,2) contained repetitive 14-amino-acid motifs with sequence similarities to known CLE peptides from both plants and cyst nematode species. Interestingly, Minc04584 and Minc00344 belong to the MAP gene family containing the previously reported MAP-1 secreted from M. incognita (7, 37) . MAP-1 is the type member of this gene family and was identified as being differ- entially present between virulent and avirulent lines of M. incognita (35) . Although MAPs are thought to function in the interaction between M. incognita and its plant hosts, their mode of action remains unknown. Furthermore, whereas multiple members of this gene family have been reported in multiple Meloidogyne spp., the presence of CLE-like repeat domains within the known MAPs had not been detected.
The detection of repeat CLE motifs in our two newly confirmed MAP-family effectors prompted us to investigate the extent to which CLE-like motifs are conserved within the reported MAP family. Previous studies have identified eight MAP family members from M. incognita (Minc00365, Minc10365, Minc10366, Minc00158, Minc00344, Minc04584, MAP-1.2, and gb|CAC27774.1) (7, 35) . Our analysis was extended to also include four MAPs from M. javanica, which were available in the National Center for Biotechnology Information database (gb|CAP59537.1, CAP59538.1, CAP59536.1, and CAP59535.1). We also included the previously reported Meloidogyne effector protein (16D10) that appears to have a single conserved CLE domain, although its function has been shown to be very different from that of the cyst nematode CLE effectors (19) . Using the MEME software suite (5), we screened all of the 12 Meloidogyne MAPs and 16D10 for the presence of common motifs. Using a 12-amino-acid search window, the MEME software identified similar CLE-like motifs conserved in all of the MAP family proteins but not in 16D10 (Fig. 1A) . This motif was repeated a variable number of times within each of the MAP family members. Although Minc10365 contained only a single CLE-like motif, nine CLE-like repeats were found in Minc00365. In all, we discovered a total of 43 separate CLE-like motifs among the 12 MAPs. Many of these motifs were identical, even when compared between the proteins from M. javanica and M. incognita. After removing redundant copies, 14 unique CLE-like variants were identified and were named MAP.V1-MAP.V14 (Fig. 1B) .
CLE motifs are inherently hard to identify. The 178 known CLE proteins from plants can only be grouped by the common 14-amino-acid CLE motif and, within this motif, there is no single amino acid that is conserved throughout the entire gene family. Indeed, studies of plant CLE motifs have identified only six well-conserved residues (termed invariant residues in the literature) that are considered hallmarks of the CLE family (31) . Because of the central location and relatively high conservation of the amino acid glycine within the CLE motif, this residue is used as a reference point for locating the other invariant residues (R -5 ,P -2 ,G 0 ,P +1 ,P +3 ,H +5 ).
To quantify the similarities between the MAP CLE-like motifs and known CLE peptides, MAP.V1-V14 were aligned with known CLE motifs from plants as well as from cyst nematode species (Fig. 1B) . Examination of the alignment revealed that five of the six invariant residues found in CLEs (R -5 ,P -2 ,G 0 ,P +1 ,P +3 ,) are also present in the MAP CLE-like motifs to varying degrees. Furthermore, all 43 identified CLE-like motifs contain at least three of the six invariant residues. The central highly conserved glycine (G 0 ) and proline (P +1 ) in plant CLEs are also present in all 43 CLE-like motifs in the MAPs, and 35 of the CLE-like motifs also contain the invariant proline (P -2 ). Interestingly, the invariant arginine (R -5 ) of most plant CLEs is consistently found one residue back in 40 of the MAP motifs (i.e., R -6 ). This is consistent with the positioning of arginine (R -6 ) in CLE39 from Medicago truncatula and several other plant CLEs (31). The invariant histidine (H +5 ) is the only residue that is not present in any of the Meloidogyne CLE-like motifs. In total, 27 of the motifs in the MAPs contain five of the six invariant CLE residues (Fig. 1B) . This alignment shows that sequence divergence within MAP CLE-like motifs resembles the natural variation found in known CLE motifs from plants and cyst nematodes. The presence of the prolines (P -2 and P +1 ) is of particular significance. Both of these residues have been shown to be hydroxylated or arabinosylated in planta, and these post-translational modifications have been shown to enhance the interactions between CLE peptides and their cognate RLKs (26, 32) .
In addition to the CLE domains, the CLE effector proteins secreted from cyst nematodes also contain VDs, which share little or no sequence homology with any plant CLE proteins. Despite their lack of sequence conservation, VDs are documented as having regulatory functions that are required for the cyst nematode CLE effectors to function in planta. Indeed, previous research has shown that VDs function in trafficking of CLE effectors to the host apoplast and processing of mature CLE peptides, and may also determine host specificity (16, 41) . In the root-knot MAPs scrutinized in this study, we observed that there are additional repetitive sequence motifs outside the CLE-like domains where the amino acid sequence tended to be less well conserved. Therefore, we searched the MAPs and 16D10 for the presence of VDlike sequences, which could corroborate the hypothesis that Meloidogyne MAP effectors function in a manner similar to known cyst nematode CLE effectors. We identified two separate MAP family motifs that showed sequence similarity with the VDs of cyst nematodes, whereas no such domains are present in 16D10. Curiously, one MAP motif was found only in Heterodera CLE protein VDs while the other one was found only in Globodera CLE VDs. We named these two conserved motifs Heterodera VD-like motif (HVLM) and Globodera VD-like motif (GVLM) respectively. The HVLM is a stretch of 15 amino acids (G78-P92 within Heterodera CLE effectors) in the VDs of all reported Heterodera CLE effectors. HVLM occurs multiple times within 7 of the 12 MAPs searched (Minc00365, Minc00158, Minc00344, MAP-1.2, CAC27774.1, CAP59537.1, and CAP59538.1) and was interspersed between the CLE-like motifs ( Fig. 2A) . Sequence alignment of the HVLMs from MAPs with those found in Heterodera VDs revealed that 5 of the 15 residues are perfectly conserved and an additional five residues have conserved properties (Fig. 2B ) (≤0.5 Gonnet PAM 250 matrix).
GVLM is a 19-amino-acid stretch that occurs in the VDs of Globodera rostochiensis CLE effectors. We found GVLM directly downstream of the CLE-like repeats in 9 of the 12 MAPs (Minc10365, Minc10366, Minc00158, MAP-1.2, CAC27774.1, CAP59537.1, CAP59538.1, CAP59536.1, and CAP59535.1) (Fig.  2A) . When comparing the GVLMs from the MAPs with those from the G. rostochiensis VDs, we found that seven GVLM residues are perfectly conserved and an additional five residues have conserved properties (Fig. 2C ) (≤0.5 Gonnet PAM 250 matrix).
Of the 12 MAPs, only MAP-1 from Meloidogyne incognita and one MAP from M. javanica have been subjected to limited functional characterization. MAP-1 has been shown to be secreted from infective nematodes into plant tissues (35, 39) . Surprisingly, in M. incognita, MAP-1 was shown to be secreted from the amphids, chemosensory organs in the nematode head region (35, 39) , whereas the M. javanica gene was shown to be specifically expressed in the subventral esophageal glands (4). These esophageal gland cells are the main sources of secreted effector proteins from both root-knot and cyst nematodes (14, 20) . To determine where the other members of this protein family are expressed, we performed in situ hybridization on mixed developmental stages of M. incognita juveniles using probes specific for three MAP family members (Minc00158, Minc00344, and Minc04584). We were able to localize expression of these three MAP family members specifically to the subventral glands of J2 nematodes (Fig. 3) . Given the specific expression in the esophageal gland cells, the MAP family proteins are likely to be secreted through the nematode's stylet into host plant cells during parasitism.
DISCUSSION
Given the fundamental roles of CLE signaling in plant development and discovery of functional secreted CLEs in cyst nematodes (30) , it would not be surprising to find that RKNs have also evolved a mechanism to co-opt CLE-dependent signaling pathways into their mode of parasitism. Our discovery of CLElike motifs embedded within MAPs and confirmation of their expression in RKN esophageal gland secretory cells suggests that this may be the case. Meloidogyne spp. infect a wide range of host plants, and the ubiquitous presence of CLE signaling proteins in diverse plant species makes these proteins an ever-present target for mimicry. Modulating CLE signaling in infected root cells could help to establish feeding sites. Though the exact functional role of the MAP CLE-like motifs will require further investigation, it is clear that MAPs are playing an important role in facilitating parasitism. The secretion of MAPs from both the amphids (35, 39) and the subventral glands (4, this study) of infective J2s suggests that these proteins may be involved in the early recognition stage between the host plants and the nematode and lends credibility to the hypothesis that these proteins are acting as ligand mimics binding extracellular host receptors. Indeed, immunodetection of MAP-1 showed that it accumulates along the giantcell wall and root cell apoplast at RKN infection sites (39) .
The repetitive region of the MAP-1 gene, which contains the CLE-like motifs, was recently amplified from 13 Meloidogyne spp. out of the 21 that were searched (37) . These CLE-like regions within MAP-1 are nearly devoid of mutations between species, indicating that they have a virulence function that has enhanced parasite fitness and enforced strong purifying selection to conserve these sequences. Furthermore, the presence of functional and diverse CLE mimics in cyst nematodes (30) is a testament to the functional importance that the CLE signaling pathway can have in plant parasitism.
Though the majority of CLE proteins from plants contain a single CLE motif on their C terminus, several have been documented as having multiple tandem CLE repeats, similar to the Meloidogyne MAPs (31) . In nematodes, CLE effector proteins secreted by the potato cyst nematode (G. rostochiensis) contain CLE motifs that are organized in tandem repeats, and these effectors have recently been shown to be processed into functional CLE peptides in planta (16) . It is plausible that the tandem CLElike motifs seen in the MAP family proteins could be processed in a similar manner, in which individual motifs are cleaved and secreted to interact with cognate extracellular RLKs. The existence of multiple nonidentical CLE-like motifs in MAPs may reflect an evolutionary adaption to enable RKNs to infect a wide range of host species. In this context, one can expect that such motifs can function by mimicking host factors more effectively in one particular host plant than in others.
In contrast to the tandem CLE motifs found in G. rostochiensis effectors, the CLE-like motifs in the MAPs have additional repetitive sequences between each motif. It is conceivable that this additional sequence could have functions similar to the VDs found in cyst nematode and plant CLE proteins. The VDs of CLE proteins are thought to play roles in the processing of active CLE peptides and have been shown to effect host specificity in cyst nematode CLE effectors (23, 41) . Consistent with this line of evidence, the HVLM was identified within the MAPs that have multiple CLE-like motifs and is interspersed between individual CLE-like motifs ( Fig. 2A) . This type of arrangement could allow separate MAP CLEs to have their own processing signal. Although there is no direct evidence to prove that the HVLMs in the MAPs function in CLE-like processing, the fact that they are closely associated with the CLE-like motifs and share sequence homology with the VD region of cyst nematode CLEs (41) suggests that they may have regulatory roles.
The presence of CLE mimicking effectors in both cyst nematode and RKN species begs the question: how did these genes arise? Outside of the three motifs, there is very little sequence conservation between the flanking protein sequences from Heterodera and Globodera spp. and the MAPs from Meloidogyne. This suggests that these CLE-like motifs may well have arisen through convergent evolution, where the nematodes independently evolved features similar to host factors. Another intriguing possibility is that these CLE proteins were acquired through horizontal gene transfer (HGT) from host genomes. A recent study identified multiple HGT events that have taken place in plant-parasitic nematodes and identified a large repertoire of cell-wall-degrading enzymes that were acquired from bacteria (10) . Indeed, this same study showed that some of the MAPs have regions that have similarities with expansins from fungi (10), though no expansin activity has yet been reported. With the nematode's propensity for HGT and the similarities that MAPs share with plant proteins, it is possible to speculate that CLE-mimicking effectors could represent yet another instance of HGT in nematodes.
The presence of plant ligand-mimicking effectors in these diverse nematode species also raises the question of how these effectors act to facilitate nematode parasitism. Because CLE effectors from cyst nematodes are known to effect plant development, it has been hypothesized that these effectors may assist the parasite by initiating the essential and drastic developmental changes that form the nematode's feeding site (30) . Indeed, the feeding sites produced by both cyst nematodes and RKNs are the result of drastic changes in the normal plant growth and development initiated by the parasite (15, 18, 29) . However, the developmental changes initiated by endogenous plant CLEs are diverse and can even vary depending on their spatial and temporal expression patterns within the plant (44) . This variability makes it difficult to predict which exact developmental changes the nematode ligand mimics are initiating during feeding site formation. Further study is needed to elucidate the developmental effects of both endogenous plant CLEs as well as the CLE-mimicking effectors secreted by nematode parasites, before we can fully understand their role in the nematode-plant interaction.
In summary, CLE ligand mimics are known to be secreted by cyst nematodes to facilitate successful infection of their host plants (30) . Although ligand-like sequences previously have been predicted in RKN genomes, here, we have identified CLE-like motifs as well as adjacent VDs embedded within the MAP family proteins secreted from RKNs, a family of proteins that was previously known to be critical to the host-parasite interaction (7) . We have shown that several members of this gene family are expressed in the esophageal gland cells, which produce many known nematode effectors, including the CLE mimics found in Fig. 3 . In situ hybridization to transcripts from three Meloidogyne avirulence protein (MAP) family members. Labeled anti-sense probes specific for three separate MAP family members (Minc00344, Minc0458, and Minc00158) were used to localize the accumulation of their respective transcripts within Meloidogyne incognita. All three MAP family members showed specific expression within the subventral gland cells (SvG), which are located posteriorly relative to the metacorpus (M). cyst nematodes. With the evidence at hand, we hypothesize that the MAP family of proteins may function as CLE-mimics in some capacity, perhaps as peptides processed in planta. The presence of CLE effector peptides in both cyst nematodes and RKNs highlights a common host node that is targeted by two evolutionarily diverse groups of nematodes and may be present in other phytonematode pathosystems as well.
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